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Extended DataFig.1|Examples of serial EM sections showing CF-MLI reconstructions based onimages thatinclude thosein (a). CF contact (blue)
contacts. a.Series of EM sections shows a CF (blue) contacting an MLI2 (green) MLI2 (green) contact, and the red dots indicate the GrC-MLI contact sites.
for two CF-MLI2 contacts (similar to Fig. 2a), with each column corresponding d.Asin(c), butfor CF-MLI1 contactsand the seriesin (b).

to adifferent CF-MLI2 contact.b. Asinabut for two CF-MLI1contacts. c.EM
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Extended DataFig.2| The NMDAR subunit Grin2bis presentatmuch higher  identified onthebasis of prominent Nxphlexpression also had strong Grin2b
levelsin MLI2s than MLI1s. Sorcs3 (purple), Nxphl (green) and Grin2b (red) were ~ expression.d. Average fluorescence for NxphlI+cells (n=82).e.Summary
labeled using HCR. Sorcs3labels MLI1s, and Nxphllabels MLI2s. a. MLI1s of Grin2b fluorescence for individual MLI1s (Sorcs3+) and MLI2s (NxphlI+).
identified on the basis of prominent Sorcs3expression did not have prominent f.Normalized cumulative Grin2b fluorescence for individual MLI1s and MLI2s.
Grin2b expression. b. Average fluorescence for Sorcs3+ cells (n = 60). c. MLI2s
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Extended DataFig. 3 |Examples of EMreconstructions used to evaluate the MLIs thatareboth directly contacted by CFs, and part of the CF-MLI2-MLI1-PC1
circuitry influenced by CF activation. a. Reconstructions are shown asin circuit (black). (right) Reconstruction of aneighboring PC and the MLI contacts.
Fig.3c.ForaPCdirectly excited by a CF (dark blue), inhibitory synapses made b. Asin (a) but for a different pair of PCs. Note that CF-MLI1-PC1connections are
by MLI1s that are contacted by the CF (CF-MLI1-PC1, light blue), MLI1-PC1 veryrare (light blue).

synapses that are CF-MLI2-MLI1-PCl circuit (red), and MLI1-PC synapses for
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Extended DataFig.4|Summary of CF-evoked changesin firing for individual
MLI1s are shown forinvivorecordings and simulations. a. Scatter plot of the
invivo CF-evokedincreasesin MLI1firing (1-2 ms) vs. the decrease of MLI1 firing
(3-6 ms). MLIsinthe upper right quadrant have prominent excitation without
inhibition, cellsin the lower left have inhibition without excitation, and cellsin
theupperleft have both excitationand inhibition. There seemtobe relatively
few cells with strong excitation and inhibition, but thismayin partreflect the
relatively broad time courses of CF-MLI1 excitation that can overlap with CF-
MLI2-MLILinhibition.b. Asin (a) but for simulations. MLIs that are contacted

by the CF (dark purple) and those that are not contacted (light purple) are shown.
c.Average responsesinsimulations are shown for MLI1s that are contacted

by the CF (dark purple) and those that are not contacted (light purple). This
suggeststhat there aretwo classes of MLI1responses: one typeis only inhibited
andthe otherisbothexcited and theninhibited. In the model, excitatory and
inhibitory components canbe readily separated based on timing, whereas this
isnot always possible for In vivo recordings.
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Extended DataFig. 5| Summary of firing statistics and waveforms for cell
typesrecorded withNeuropixels. a. Baseline firing rates of all recorded cell
types. (MF,n=256;PCg, n=125;PCcs, n =244;MLI2,n=18; MLI1, n=112).

b. Representative waveforms for all recorded cell types in (a) (left) and
autocorrelogramsof all units of each cell type (right).
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Extended DataFig. 6 | Schematic of the timing of components that make up
CF-evoked responsesin MLI2s, MLI1s and neighboring PCs. a. CF activation
opensAMPARsinaPCdendriteand produces an extracellular signal (PCc).

b. Glutamate diffuses form the CF to nearby GrC-MLIPSDs. c-e) These are the
currents that would be measured at resting potential. Inward currents are
excitatory and outward currents are inhibitory. CCGs have a slight additional
delay thatreflectsthe time takento trigger aspike and are in the opposite
direction (inward currents are excitatory and outward currents are inhibitory).
c.Glutamate spillover from CFs excites MLI2s. There is aslight delay as aresult
of glutamate diffusion. d. CF-evoked responsesin MLI1s have 3 components.
First, the extracellular signal associated withan extremely rapid ephaptic

time (ms)

T 1
10

inhibition of MLI1s. This componentis much smaller for MLI1s than PCs, and
further experiments are needed to establish the mechanismunderlying this
inhibition for MLI1s.Second, CF>MLI1spillover synapses excite some MLIs
with the same time course as CF excitation of MLI2s. Third, thereis an
inhibitory component from the CF>MLI2->MLI1 pathway that has an additional
synaptic delay. e. CF-evoked responses in MLI1s have 2components. First, the
extracellular signal associated with an extremely rapid ephapticinhibition of
PCsthathasbeen characterized previously®. Second, changes in MLI1 firing
will alter MLI1-PCinhibition. The primary component of thisinfluenceis the
disinhibitory CF>MLI2->MLI1>PC pathway, which has anadditional delay the
MLI1-PC synapse.
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Extended DataFig.7 | Additional summary of PC calcium responses. transients of the conditionsin Fig. 5d (spont. vs1spike, p = 3.38e-06; 1spike vs
a.Z-scored heatmap of airpuff evoked PC¢ events sorted by latency to peak >1spike, p=1.9e-51).d. Distributions depicting the fraction of dendrites that
foreachdendrite.b. Probability distribution of the number of airpuff evoked fire atleast one spikeina 500 ms window before the airpuff (spont.) and 500 ms

spikes per dendrite per trial. c. Distributions of the integrated calcium after the airpuff (evoked) (p = 4.2e-32).
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Extended DataFig. 8 | Estimating and eliminating potential fluorescence
contamination fromROIs. a. Toestimate the spread of fluorescencein our
imaging experiments, we used the spontaneous PCs events fromall dendrites,
isolating spikes that occurred when there was no active neighbor within100 um
and 100 ms. Averaging these events revealed a fluorescence change (AF) profile
that decayed to baseline within roughly 10 um from the center of each ROI.
Thissuggests that contamination should not be anissue for more distant PCs,
and that crosstalk between ROIs cannot explain the influence of neighboring
CFsthatextends toapproximately 60 um (Fig. 5g), or the dependence of
enhancementonthe number of active dendrites (Fig. 5Sh). However, it suggests
that some closely spaced ROIs could exhibit contamination from nearby
neighbors. b. To exemplify this potential problem, we illustrate the mean AF
profiles for two nearby ROIs. Note the overlap in the tails of each distribution.
c.Thefield of view (FOV) from Fig. 5b is shown with the two ROIs used to
exemplify AF decayinb highlighted (yellow). The dashed line represents the
plane orthogonal to the vertical axis of the ROIs with the closest distance
betweenthe example ROls. d. 4x magnification of the example ROIs from aand
b, re-orientedin the vertical axis of the ROls. e. Shape invariant contamination
map representing the average fractional fluorescence spread as afunction

of distance and angle from all ROls (see Methods). This approach captures
asymmetric contamination patterns that would be averaged outinaone-
dimensional radial analysis. By fitting each angular profile with an exponential
decay, we defined the zone of contamination as the entire region where the
exponential decay remained above 0. This produced abinary contamination
mask (white outline), meaning that any pixel whose fitted contamination
exceeded zero was considered contaminated. This deliberately conservative
cutoffensured that even minimal optical overlap was excluded from subsequent
analyses. f.ROIs fromb,d shown with theirindividually modeled AF decay
outside of their respective ROls. g. Using the shape-invariant model of AF decay
warped around each individual ROI (see Methods), we removed any pixels that
overlapped with the AF decay of all neighboring ROIs. The resulting example
ROIsare shown onthe samescaleas c. h.ROIs fromb,d shown after trimming
all pixels with potential contamination from all neighboring PCs. i. Summary of
PCcsevents, comparing responses for full ROIs and ROIs after trimming pixels
with potential contamination. ROl trimming did not significantly alter PCc
responses, suggesting that the contribution of contaminated pixels was minimal.
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Extended Data Table 1| Properties of CF-MLI contacts, MLI1s and MLI2s used to estimate
the fraction of GrC -MLI contacts that are influenced by CF contacts and glutamate release

name MLI1 MLI2

1 | #CF contacts/MLI gi:m t:; o.s(g:ilg.)zz 4(?]:;)0?5 Fig. 1f
|| CMIE | aos | we10 | e
3 | it amof o coneetper el | orcmuzacieet | ©8 131 | caleulated
4 | totallength of all dendrites mt:;::::::i: S(iifg)s 8((3::128)0 reconsi’:ﬁctions
5 Number of GrC synapses/10 um GrC_MLI1_d_10 13.8 £5.0 19.1 6.2 EM

of MLI dendrites GrC_MLI2_d_10 (n=10) (n=10) reconstructions
6 ZZiLaI%/IeLTOtal GrC synapses onto g:g:m:::;::g:;: 1190 1640 calculated

0, | ithi 0,
r [ posue T | M| o | ave | s

Rows 1, 2, 4 and 5 were determined from EM reconstructions. Rows 3, 6 and 7 were calculated: GrC_MLI1_1CF_cell=GrC_MLI1_1CF*
CF_MLN, GrC_MLI1_total= GrC_MLI1_d_10* MLI1_d_length/10, and %GrC_MLI1_1CF=100* GrC_MLI1_1CF_cell / GrC_MLI1_total.
Estimates of the total numbers of GrC synapses onto individual MLIs would be improved by determining the density of GrC synapses
for longer dendritic regions.



Extended Data Table 2 | Summary of number of replicates and statistical tests for all Figures and Extended Data Figures

Figure | Group Units Sample Size (n) Mean SEM Statistical Test Test Result
CF-MLI1 6.8 1.45 Two-sided paired _
1c CrMLR # MLI contacts per CF 10 CFs 16.6 2.08 t-test p =0.0001
CF-MLI1 4.9 0.89 Two-sided paired
CF-ML2 # MLIs per CF 10 CFs 23 068 t-test P p=0.88
CF-MLI1 10 MLI1s 0.5 0.22 Two-sided unpaired
y gi_mt:i # CF contacts per MLI 18 m:::is ‘O‘ig gi: t-test _ ! p =0.00024
- s . . Two-sided unpaire _
CF-MLI2 # CFs per MU 10 MLI2s 1.80 0.25 t-test p=0.0002
. MLI1 10 contact sites 0.69 0.10 Two-sided unpaired
4 MLI2 CF surface area (km’) = 57C) tact sites | 161 0.24 t-test P p=00016
2i MLI1 #GrC synapses within | 10 contact sites 1.20 0.25 Two-sided unpaired p=0.0016
MLI2 1 um of CF contact 10 contact sites | 2.90 0.41 t-test
size (pA) 23 MLI2s 393 39
rise (ms) 23 MLI2s 0.59 0.04
decay (ms) 23 MLI2s 3.73 0.14
CE-MLI2 (oY% 23 MLI2s 0.08 0.01
2u . PPR 23 MLI2s 0.24 0.01
in 1.5 mM Caeye -
TBOA size (%) 7 MLI2s 135 7
TBOA decay (%) 7 MLI2s 349 30
NMDA size (pA) 9 MLI2s 65 8
NMDA/AMPA 9 MLI2s 0.40 0.07
size (pA) 19 MLI1s 116 21.3
rise (ms) 19 MLI1s 0.72 0.06
2v CF-MLI1 decay (ms) 18 MLI1s 2.3 0.2
in 2.5 mM Cagy CcvV 19 MLI1s 0.15 0.02
PPR 18 MLI1s 0.26 0.03
NMDA/AMPA 8 MLI1s 0.02 0.01
GrC-MLI1 PPR 23 MLI1s 1.40 0.04 Two-sided p=033
w GrC-MLI2 7 MLI2s 1.32 0.03 Mann—(\jNZitney test
GrC-MLI1 23 MLI1s 0.025 0.004 Two-side
Gre-MLI2 NMDA/AMPA 8 MLI2s 0.30 0.04 Mann-Whitney test | P~ 28X 10°
CF-MLI2-MLI1-PC 280 50
3d CF-MLI1-PC # synapses on 10 CFs 15 0.9
same PC
both 59 16
CF-MLI2-MLI1-PC 258 45
3d CF-MLI1-PC f# synapses on 10 CFs 04 03
neighbor PC
both 40.5 9.7
3k :)ZC_S‘;SOSQ)UI slope 394 pairs -0.50 0.04 Linear Correlation ;ffiom
CS-MLI2, 1-2 ms 56 pairs 31.5 4.9
3i CS-MLIL, 1-2 ms Aspk/s 189 pa?rs 2.05 0.55
CS-MLI1, 3-5 ms 189 pairs -3.63 0.46
CS-PCg, 4-7 ms 92 pairs 6.23 0.70
PCyy 35 pairs 0.24 0.04
MLI2y 29 pairs 0.50 0.07
3m MLI1, latency (ms) 22 pairs 0.83 0.07
MLI1, 18 pairs 2.43 0.05
PC,, 21 pairs 4.09 0.07
neighbor only 307 rois 0.0056 0.0019
no sync 285 rois 0.1812 0.007
5i sync JAF/F 304 rois 02383 | 0.0073 f:ts'(a"wa"'s H p=3.2x10%
> 1 spk no sync 76 rois 0.3451 0.0303
> 1 spk sync 275 rois 0.4449 0.0166
MLI1 . 60 MLI1s 291 16 Two-sided
Ebze My Grin2b fluor (a.u) 82 MLIZs 957 36 Mann-Whitney test | P=+-3*10""
MF 256 units 13.4968 | 0.9228
PCss 125 units 84.5100 3.3655
ED5a PCcs Hz 244 units 1.3173 0.0240
MLI2 18 units 26.1060 | 3.3383
MLI1 112 units 28.2526 1.5253
spont. 303 rois 0.1668 0.0080
ED7c | 1spike AF/F 310 rois 0.2110 | 0.0052 fg::kal'wa”'s H p=7.6x 1077
>1 spike 281 rois 0.4233 0.0147
ep7g | SPont fraction active 521 trials 0.2435 | 0.0075 TM‘";‘:]':I‘x:imey st | PEASX10%
evoked dendrites/trial 521 trials 0.3550 | 0.0081
full ROI no sync 360 rois 0.1788 0.0056
full ROI sync 394 rois 02561 | 0.0068 | Kruska-wallisH p=1.5x 103
EDSi JAF/F test
corrected ROl no sync 285 rois 0.1812 0.007
corrected ROI sync 304 rois 0.2389 0.0073
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Extended Data Table 3 | Model Parameters

Parameters In(7) and In(2)) restricted to the 1-30 Hz..

Symbol | Parameter | Value Notes
MLI1 properties
Cm membrane capacitance | 20-30 pF, drawn from a uniform distribution Ref. 17
Ry resistance Increasing linearly by distance from the PCL, 0.1-0.9 GQ Approximates [17]. A distance dependence was needed to reproduce
MLI1-MLI1 CCGs. Constant values led to sustained synchronous firing.
gn intrinsic noise 1(dgy/dt) = —gy + aVT n(t) Ornstein-Uhlenbeck process, introduced to replicate firing statistics in
o =0.2nS, T = 1 ms, and n(t) is white noise vivo.
refractory period Drawn from a uniform distribution (2-10 ms) Chosen to ensure a maximum firing rate of 200 Hz'”.
Ar Spike slope factor 0.5 mV Approximates spike shape in'’, and tuned to match MLI1-MLI1 CCGs.
Vr soft threshold -57 mV Chosen to approximate the rheobase in the f-I curve in [17].
AP peak, width 20 mV, 1 ms Approximates the peak and spike shape of the action potential in [17].
reset potential -85 mV Chosen to match the slope of the f-I curve in [17].
Ve, Vi EPSC, IPSC reversal 0mV, -80 mV Ref. 54.
Viyest resting (leak) potential Firing rates were drawn from a lognormal distribution Parameters were chosen to have the firing rate distribution in the
(parameters In(26) and In(1.5)) restricted to [1-60] Hz. presence of electrical coupling approximate the distribution in?7.
density 28000/mm? with a minimum pairwise distance of 10 um. | Approximates EM reconstructions? spacing of 33 um.
dendritic arbor extents 200 pm x 200 pm x 20 um, centered at the soma Approximates EM reconstructions®.
axonal arbor extents 200 pm x 200 pm x 40 um, centered at the soma Approximates the data underlying the postsynaptic contacts in8.
MLI2 properties
Cm membrane capacitance | 30-40 pF, drawn randomly from a uniform distribution Ref. 17.
R resistance 1-2 GQ, drawn randomly from a uniform distribution Ref. 17.
In intrinsic noise Ornstein-Uhlenbeck process as for MLI1s.
refractory period Drawn randomly from a uniform distribution (2-10 ms) Upper limit ensures a maximum firing rate of 200 Hz based on?’.
A Spike slope factor 0.5mV Approximates the spike shape in'’.
Vr soft threshold -60 mV Chosen to approximate the transition point in the f-I curve in'’.
Vo AP peak 20 mV Approximates the peak of the action potential in’.
reset potential -70 mV Chosen to match the slope of the f-I curve in?’.
action potential width 1ms Approximates spike shape in'’.
Ve, Vi EPSC, IPSC reversal 0mV, -80 mV Ref. 54.
Viyest resting (leak) potential Firing rates were drawn from a lognormal distribution The desired firing rates were based on the distribution in?’.

density

10500 mm-3, drawn randomly, minimum distance 10um.

Based on EM reconstructions®. Corresponds to lattice spacing of 46
um.

dendritic arbor extents

200 um x 200 pm x 20 um, centered at the soma

Based on EM reconstructions®.

axonal arbor extents

150 pm x 150 um x 40 pm, centered at the soma

Approximates the data underlying the postsynaptic contacts?.

MLI-MLI/PC synaptic properties and MLI1-MLI1 electrical coupling

Maximum connection

MLI1-MLI1 synaptic: 0.4, MLI1-MLI2: 0.6, MLI2-MLI1:

Fromé. Connection probabilities were scaled by volume overlap

probabilities 0.8, MLI2-MLI2: 0.5, MLI1-PC: 0.95, MLI1-MLI1 electrical: (axodendritic for chemical and dendrodendritic for electrical).
1
9caBa Maximum synaptic MLI1-MLI1: 0.2 nS, MLI1-MLI2: 0.1 nS, MLI2-MLI1: 1 nS, Based on slice experiments®.
conductances MLI2-MLI2: 0.1 nS, MLI1-PC: 1 nS.
Delay, rise, decay time 0.5ms, 0.5ms,1.9ms Ref. 54.
géap Max. gap junction g 0.6 nS Ref. 8.
Electrical delay 0.6 ms Refs 55, 56. This delay prevented sustained synchronous MLI1 firing.

GrC and CF synaptic properties

ampa (GTC)

GrC PF conductances

GrC-MLI1, GrC-MLI2: 1.2 nS, GrC-PC: 0.2 nS

GrC-MLI: Ref. 54, GrC-PC Ref. 57

Rise time, Decay time

0.1 ms, 2ms

From slice recordings of EPSCs.

Jampa (CF) Size for each contact CF-MLI2: 1.2 nS (1 mA over 12 contacts) Fig. 2. The CF-MLI1 value was reduced by 25% from 0.5 nS to account
CF-MLI1: 0.375 nS (170 pA over 5 contacts) for the increased external Ca.
Delay 0.5 ms
Rise time CF-MLI1: 1.1 ms, CF-MLI2: 0.7 ms Fig. 2
Decay time CF-MLI1: 1.2 ms, CF-MLI2: 2.2 ms Fig. 2
PC properties
Cs Somatic capacitance 20 pF Ref. 52
Cy Dendritic capacitance 1500 pF Ref. 52
Js Somatic conductance 0.1nS Ref. 52
Ja Dendritic conductance 7.5nS Ref. 52
gj Junctional conductance | 170 nS Ref. 52
Ar Spike slope factor 0.75 mV Ref. 52
Vr Soft threshold -45 mV
AP peak 20 mV
Reset potential -55 mV
Action potential width 100 ps Ref. 52
Ve, Vi EPSC, IPSC reversal 0omV, -70 mv
Viest,s Dendritic resting (leak) -60 mV Ref. 52, shifted by -60mV.
potential
Viestd Somatic resting V (leak) | Uniformly distributed between 600 and 800 mV Effective leak capturing intrinsic currents leading to spontaneous

activity between 60 and 100 Hz.

Grid spacing

30 pum; PCs placed on a sheared lattice

Approximates EM reconstructions®. Neighboring PCs were shifted off
the parasagittal plane by 5 um.

dendritic arbor extents

200 um x 200 pm x 10 um, centered at soma to top of
ML

Approximates EM reconstructions 36.

The following references are cited in the table: refs. 8,17,36,52,54-57.
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Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No power analysis or other statistical methods were used to pre-determine sample sizes. Sample sizes were similar to previous publications:
PMID: 38692278, PMID: 35578131, PMID: 25205669.

Data exclusions  Data selection criteria are clearly stated in the methods section. There were no data exclusions.
Replication No attempt at replication was made outside of the reported results.
Randomization  Not relevant

Blinding Not relevant

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies IZI D ChlIP-seq

Eukaryotic cell lines IZI D Flow cytometry
Palaeontology and archaeology IZI D MRI-based neuroimaging
Animals and other organisms

Clinical data
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Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

Mice for slice electrophysiology were C57BL/6J mice.
Mice for in vivo electrophysiology recordings were wild type C57BL/6J mice and for calcium imaging were Tg(PCP2-Cre)3555Jdhu
mice.

No wild animals were used in this study.

Male and female mice were used in equal proportions, depending on availability from in-house bred litters. Sex was not considered a
factor in the experimental design.

No samples were collected in the field.

Animal procedures for slice experiments have been carried out in accordance with the NIH and Animal Care and Use committee
(IACUC) guidelines, and protocols approved by the Harvard Medical Area Standing Committee on Animals. Mice for in vivo
electrophysiology recordings (wild type C57BL/6J ) and calcium imaging (Tg(PCP2-Cre)3555Jdhu) were used in accordance with
approval from the Duke University Animal Care and Use Committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

NA

NA

NA
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